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Abstract  69 
 70 
International sporting competitions, including the Paralympic Games, are increasingly 71 
being held in hot and/or humid environmental conditions. Thus, a greater emphasis is 72 
being placed on preparing athletes for the potentially challenging environmental 73 
conditions of the host cities, such as the upcoming Games in Tokyo in 2020. However, 74 
evidence-based practices are limited for the impairment groups that are eligible to 75 
compete in Paralympic sport. This review aims to provide an overview of heat-related 76 
issues for Paralympic athletes alongside current recommendations to reduce thermal 77 
strain and technological advancements in the lead up to the Tokyo 2020 Paralympic 78 
Games. When competing in challenging environmental conditions a number of factors 79 
may contribute to an athlete’s predisposition to heightened thermal strain. These include 80 
the characteristics of the sport itself (type, intensity, duration, modality and 81 
environmental conditions), the complexity and severity of the impairment and 82 
classification of the athlete. For heat vulnerable Paralympic athletes, strategies such as 83 
the implementation of cooling methods and heat acclimation can be used to combat the 84 
increase in heat strain. At an organisational level regulations and specific heat policies 85 
should be considered for several Paralympic sports. Both the utilisation of individual 86 
strategies and specific heat health policies should be employed to ensure that 87 
Paralympics athletes’ health and sporting performance are not negatively affected 88 
during competition in the heat at the Tokyo 2020 Paralympic Games.    89 




Introduction  92 
 93 
Since the beginning of the Paralympic movement in 1948, the Paralympic Games has 94 
experienced rapid growth and is now considered one of the largest multi-sport events in 95 
the world. From humble beginnings in 1948 to 4,328 athletes from 159 nations 96 
competing at the Games in Rio De Janeiro in 2016 (1), Paralympic athletes have a 97 
prominent worldwide stage to display their sporting prowess. Such growth can be partly 98 
explained by the evolution of both bespoke equipment (2) and evidence-based sport 99 
science and medicine support (3), enabling advancements in elite competitive 100 
performance of Paralympic sports.  101 
In recent years a greater emphasis has been placed on preparing athletes, both 102 
Olympic and Paralympic, for the potential challenging environmental conditions of the 103 
host cities, such as Rio de Janeiro in 2016 and the upcoming Games in Tokyo in 2020. 104 
Despite previous Games being held in Athens, Beijing and Rio, the impending Games 105 
in Tokyo could be one of the most thermally demanding for both athletes and spectators 106 
alike (4,5). Competing nations are dedicating time and resources to employ techniques 107 
which either adapt training to cope with the conditions, and/or develop strategies that 108 
can be utilised during competition to reduce the risk of heat related illnesses and a 109 
decrement in sporting performance.  To highlight the expected environmental 110 
conditions for Tokyo 2020, figure 1 shows hourly temperature and relative humidity for 111 
Tokyo during the dates corresponding to the Paralympic Games period in 2020, based 112 
on meteorological data collected from 1990 to 2018 from the Japan Meteorological 113 
Agency (5)  . The figure clearly shows the potential environmental challenge athletes 114 
may face. Of note, the ambient temperature peaks at 13:00 hours at 29.7 ± 3.4˚C, whilst 115 
6 
 
the relative humidity peaks at 05:00 at 78 ± 9%, decreasing to 59 ± 13% at the hottest 116 
part of the day before rising again (5).  117 
For many Paralympic athletes their impairment affects both training and 118 
performance capabilities. The burden of thermally stressful environmental conditions 119 
will likely only exacerbate any decrement in training and competition capability and 120 
functionality. This review aims to encompass a number of topic areas within the broader 121 
scope of heat related issues for Paralympic athletes, in order to provide an overview of 122 
heat related issues for Paralympic athletes, alongside current recommendations in the 123 
lead up to the Tokyo 2020 Paralympic Games.  124 
INSERT FIGURE 1 125 
Heat related issues for Olympic athletes  126 
  127 
It is well recognised that exercising in hot and or/ humid ambient conditions increases 128 
physiological and psychological strain causing a decrement in sporting performance 129 
compared to performing exercise in cooler conditions (6–8). The diminished 130 
performance is associated with cardiovascular, neuromuscular, perceptual and metabolic 131 
alterations (9) resulting in an increase in core temperature, premature fatigue and the 132 
potential for heat related illnesses. In hot and humid environments, heat gain will be 133 
increased due to the environmental heat load, whilst heat loss will be impaired as a 134 
result of a reduced temperature and vapour pressure gradient between the skin and 135 
environment. Thus, the need for strategies that prevent excessive heat storage are 136 
paramount from both a health and performance perspective.    137 
Paralympic Games   138 
 139 
The Tokyo Paralympic Games will be held from 25th August – 6th September 2020 140 
with an expected 4,400 athletes competing across 22 sports (10). Paralympic sports 141 
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either develop as an adaptation to an able-bodied (AB) equivalent sport (i.e. wheelchair 142 
basketball) or are designed to accommodate a particular impairment type (i.e. goalball 143 
for athletes with a visual impairment).  Athletes with a range of physical and intellectual 144 
impairments are eligible to compete at the Paralympic Games categorised into ten 145 
impairment types according to the International Paralympic Committee (IPC): impaired 146 
muscle power, impaired passive range of movement, limb deficiency, leg length 147 
difference, short stature, hypertonia, ataxia, athetosis, vision impairment and intellectual 148 
impairment (11).  For the purposes of this review and to align with the terms used by 149 
research conducted in this area, athletes will be grouped according to the following six 150 
disability groups, which encompass all 10 of the impairment types listed above; spinal 151 
cord-related disability, cerebral palsy, amputee, visual impairment, les autres (others) 152 
and intellectual impairment.   153 
To obtain fair competition between athletes with varying levels of impairment, 154 
Paralympic sports utilise classification systems (11). The premise of these systems is 155 
that classification should only cover the effect of the impairment on the individual’s 156 
sporting performance. In team sports, an athlete’s classification can play an important 157 
role in determining the individual’s role within the team (12). However, athletes are 158 
classified according to their functional ability obtained from a range of functional tests 159 
and observational assessment during sporting performance, rather than their 160 
physiology.  Hence athletes within the same class may be similar in relation to their 161 
functionally, yet as a result of their impairment, their physiological responses whilst 162 
competing in their sport, such as temperature regulation, may greatly differ (13). 163 
Paralympic athletes at greatest thermoregulatory risk  164 
 165 
Paralympic sport is growing rapidly, creating new challenges for athletes, coaches, 166 
governing bodies, practitioners and researchers. One of these challenges is how to best 167 
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prepare athletes for international competitions with limited evidence-based practices 168 
available for the different impairment groups. Restrictions within national high 169 
performance systems to share training practice data and the small heterogeneous group 170 
of elite Paralympic athletes inhibits the distribution of scientific evidence and practice 171 
(14). As a consequence, anecdotal evidence and case study work is heavily relied upon 172 
in addition to the application of AB guidance. For some instances AB guidance may be 173 
sufficient, yet considerations regarding the athlete’s impairment and the athlete-174 
equipment interface (where applicable) is vital.   175 
In Paralympic sports a number of factors may contribute to an athlete’s 176 
predisposition to heightened thermal strain when competing in challenging 177 
environmental conditions. These include not only the characteristics of the sport itself 178 
(type, intensity, duration, modality and environmental conditions), fitness and physical 179 
attributes of the athlete (e.g. body composition), but also the complexity of the 180 
impairment and classification of the athlete. Figure 2 depicts the interaction of these 181 
factors to illustrate the most at risk Paralympic athletes when competing in the heat, 182 
categorised by sport. The following sections provide detail on each of the impairment 183 
groups (spinal cord injury, cerebral palsy, amputation, visual impairment and multiple 184 
sclerosis (within les autres category) that are eligible to compete in the most at risk 185 
sports to heat stress or illness. For clarification, Table 1 depicts the sports that each of 186 
these impairment groups are eligible to compete in.   187 
Protective clothing may also increase thermal strain, especially for athletes 188 
competing in sports such as equestrian, wheelchair fencing and shooting. The additional 189 
weight of the clothing  increases metabolic heat production and the additional clothing 190 
layer increases insulation,  impairing heat loss from the skin surface to the environment. 191 
The resulting reduction in convective and evaporative heat loss for athletes wearing 192 
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protective clothing whilst competing has implications for both sports of a moderate 193 
intensity and relatively static sports but of a longer duration.  Hence, in addition to the 194 
potential difficulties faced by the different impairment groups mentioned below, 195 
Paralympic athletes competing in these sports with the additional burden of protective 196 
clothing should ensure appropriate strategies (see section current recommendations) are 197 
in place to avoid any heat related issues.   198 
  199 
 INSERT FIGURE 2 HERE 200 
INSERT TABLE 1 HERE 201 
 Spinal cord injury  202 
 203 
Out of the six impairment groups, spinal cord injury (SCI) is the most comprehensively 204 
researched in relation to athletic performance (14). Athletes with an SCI are eligible to 205 
compete in a number of sports including wheelchair rugby, archery, triathlon, 206 
wheelchair tennis and athletics (See Table 1).  An SCI may occur through either 207 
application of extreme traumatic forces or via degenerative and congenital disorders. 208 
Individuals with an SCI experience varying degrees of sensory, motor and functional 209 
loss depending on the level of their injury. Injury to the cervical region of the spinal 210 
cord is referred to as tetraplegia leading to impaired function of the arms, trunk, legs 211 
and pelvic organs. Injury to the thoracic, lumbar and sacral segments of the spinal cord, 212 
referred to as paraplegia affects the function of the trunk and pelvic organs below the 213 
lesion level and the legs.  Spinal cord injuries are further classified as being 214 
neurologically complete or incomplete in relation to motor or sensory function (15,16).  215 
Individuals with an SCI have a reduced afferent input to the thermoregulatory 216 
centre (17–19) and a loss of both sweating capacity and vasomotor control (efferent 217 
response) below the lesion level (17,20,21). The magnitude of the thermoregulatory 218 
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impairment is proportional to the level and completeness of the lesion. Due to the higher 219 
lesion level, individuals with tetraplegia possess a smaller area of sensate skin, a lesser 220 
amount of afferent input regarding their thermal state and a reduced efferent response 221 
compared to individuals with paraplegia (21,22).  Depending on the level of the SCI, 222 
varying degrees of disruption to the sympathetic and parasympathetic nervous system 223 
are apparent. Below the level of the lesion, the lack of sympathetic vasoconstriction and 224 
muscle pump inactivity results in a limited ability to redistribute blood (23) with 225 
apparent consequences for convective heat loss. In a sporting context, as a result of 226 
muscular paralysis below the lesion level and the use of upper body exercise, the 227 
amount of heat produced by athletes with an SCI is likely determined by the amount of 228 
remaining active musculature.  229 
Previous literature has consistently shown that athletes with an SCI demonstrate 230 
greater thermal strain compared to the AB during both rest (22,24) and exercise (25,26) 231 
in hot ambient conditions. In these conditions, athletes with tetraplegia experience a 232 
greater thermal strain compared to athletes with paraplegia during exercise (26).. 233 
Therefore, it may be surprising that out of all the sports that athletes with an SCI are 234 
eligible to compete in, only wheelchair tennis has a heat health policy specifically for 235 
wheelchair bound athletes (27,28). Despite the growing research in this population 236 
group little has been translated into policy and practice.  Thus, the current review sows 237 
the seeds for further discussion and research that may challenge or help guide practical 238 
and competitive scheduling recommendations. 239 
Unlike the other impairment groups, wheelchair rugby players with tetraplegia 240 
demonstrate heightened thermal strain even when competing indoors (19-21°C), despite 241 
a lack of external heat load (29).  These players with tetraplegia tend to occupy 242 
defensive roles on court due to their classification as low point players, hence cover less 243 
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distance and achieve lower mean speeds than high point players (12,29).  However, as a 244 
consequence of a loss of vasomotor control and the lack of any sweating response 245 
(17,20–22), owing to the fact that the sympathetic innervation to eccrine sweat glands 246 
exits the spinal cord at T1-L2, these players can often reach high core temperatures (> 247 
39.5°C) during a match (29). Additionally, the continual increase in core temperature 248 
post exercise (30) for a prolonged duration compared to the AB and the common 249 
occurrence of multiple matches in one day is likely to exacerbate the situation. It is clear 250 
that the heightened thermal strain for these athletes has implications for not only 251 
performance and decision making abilities, but also an increased risk of heat related 252 
illnesses for both athletes competing in indoor and outdoor sports.   253 
Unlike AB athletes when exercising in the heat, an increase in fluid intake is not 254 
physiologically required due to the limited sweating response of athletes with an SCI. 255 
Instead, the advice is to consume fluid little and often to not only ensure hydration, 256 
avoid excessive weight gain and gastrointestinal discomfort, but also to reduce the risk 257 
of urinary tract infections (31). Athletes with an SCI must also be aware of triggering 258 
autonomic dysreflexia as a result of bladder distension through excessive over drinking, 259 
though this condition can be caused by a number of other stimuli. Autonomic 260 
dysreflexia is an acute condition of excessive, uncontrolled sympathetic output resulting 261 
in extreme hypertension with potential fatal consequences (32). Prompt action must be 262 
undertaken to remove the cause and emptying of catheters is encouraged prior to 263 
exercise to prevent the occurrence. Whilst the condition is reported to be fairly 264 
common, prevalence is highest in athletes with lesions above T6 (32). It is also 265 
relatively common for athletes to purposefully dehydrate during long haul travel to 266 
avoid the inconvenience of visiting the toilet without assistance (31). Therefore, an 267 
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appropriate fluid strategy whilst travelling requires some planning and educational 268 
advice to prevent athletes arriving at competitions in a dehydrated state.    269 
Cerebral palsy   270 
 271 
Cerebral palsy (CP) is a postural and movement disorder caused by central brain injury 272 
which results in altered neuromuscular physiology and diminished exercise capacity (33). 273 
Cerebral palsy presents three main impairment profiles: hemiplegia where one side of the 274 
body is affected; diplegia where two limbs are affected (typically the lower limbs) and 275 
quadriplegia where all four limbs are affected (34). Based on their functional capabilities 276 
assessed during the respective classification process, athletes with CP may compete in 277 
wheelchair or ambulant sport classes, such as triathlon, road cycling, athletics, archery 278 
and equestrian (Table 1).   279 
Due to the presence of athetosis, hypertonia or ataxia, athletes with CP typically 280 
display an impairment in muscular coordination and thus movement efficiency. This 281 
impairment results in a greater metabolic cost of movement for a set intensity, relative to 282 
AB individuals (35). Consequently, it has been shown that metabolic heat production for 283 
a given external workload is significantly greater in those with CP (36). Maltais et al. (36) 284 
proposed that the aetiology of this greater thermal strain relates to the elevated metabolic 285 
cost of absolute workloads. The lower efficiency of movement and higher energy cost is 286 
likely to result in an earlier onset of fatigue, exacerbated by an additional environmental 287 
heat load.   288 
Another potential consequence of athletes’ high muscular tone is an impairment 289 
in venous return. Due to a diminished efficiency of muscle pumps, redistribution of 290 
venous blood from the periphery to the central circulation can be negatively impacted. 291 
This increases the relative intensity of exercise as heart rate increases to compensate for 292 
a lower stroke volume (37). Moreover, there is potential that athletes with CP may employ 293 
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medical techniques to ameliorate their muscle spasticity and limited range of motion. 294 
Specifically, it is common for children with CP to be treated with botulinum toxin A 295 
(Botox®) injections in the lower limbs to manage spasticity and improve range of motion 296 
(38). Botulinum toxin A is also used to treat hyperhidrosis as it blocks the release of 297 
acetylcholine reducing sweat production at the site (39). Although the prevalence of 298 
botulinum toxin A use in athletic populations to manage spasticity is currently unknown, 299 
the potential effect on local sweat production may result in a lower evaporative heat loss 300 
capacity and a diminished local adaptive potential during heat acclimation.   301 
Athletes with CP not only display physiological differences to AB athletes that 302 
may increase their thermal strain, but also cognitive differences. Although research is 303 
lacking, Runciman et al. (33) and Maltais et al. (36) demonstrated that there may be 304 
potential differences in pace awareness and/or perception of effort in athletes with 305 
CP.  When competing in the heat, AB athletes typically progressively down-regulate their 306 
intensity of effort to redistribute work in a manner that allows them to complete the 307 
required task in the context of the accumulating heat strain (40). This not only relates to 308 
physiological adjustments but also behavioural alterations to account for the cognitive 309 
interpretation of the environment, thermal state, and/or perceived effort (41,42). If 310 
athletes with CP are unable to effectively process the aforementioned factors, they may 311 
increase the risk of heat related illnesses and/or performance impairment as a 312 
consequence of maintaining an inappropriate workload for the environmental context. In 313 
support of this, anecdotal observations have shown elite CP athletes falling over in the 314 
closing stages of 100 – 400 m running races.  315 
Amputation   316 
 317 
Athletes with an amputation, especially of a lower limb, are of a particular concern 318 
when competing in sports in the heat, such as triathlon and cycling (road race), due to 319 
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the intensity of these sports and the duration of exposure to the ambient environment. 320 
The potential for heightened heat strain in these athletes is mainly due to a combination 321 
of reduced surface area for convective and evaporative heat loss (44), particularly in 322 
athletes with a bilateral amputation, gait asymmetries elevating heat production and the 323 
disturbance of all thermal transfer mechanisms due to the prosthetic socket barrier (43). 324 
Athletes with an amputation have a reduction in heat dissipation, as a result of a 325 
loss of limb and the covering of the residual limb with a prosthetic. Thus, a smaller 326 
body surface area is available for heat loss leading to a potential increase in heat storage 327 
during exercise. Skin grafts on the amputated limb could also further impair heat 328 
dissipation due to the absence of sweat gland responsiveness and a potential permanent 329 
impairment of cutaneous vasodilator capacity on grafted skin (44). The magnitude of 330 
the effect on heat dissipation will likely depend on the amount of body surface area 331 
covered by the grafted skin.   332 
Previous research has demonstrated that when walking at similar speeds, 333 
individuals with an amputation expend more energy than an individual with no 334 
amputation (45) and the more proximal the amputation, the larger the effort needed to 335 
walk (46). For instance, transtibial amputees have been shown to expend between 9 and 336 
33% more energy (47,48) and transfemoral amputees between 37 and 100% more 337 
energy compared to non- amputee individuals (49). The mass of the prosthesis does not 338 
appear to significantly increase energy expended (50), yet metabolic cost can be 339 
reduced by improvements in both gait and physical fitness (45). These findings suggest 340 
that during walking metabolic heat production may be greater in these individuals 341 
compared to the AB, coupled with a reduction in heat loss, these athletes may be at a 342 
greater risk of heat related illnesses. However, due to the lack of thermoregulation 343 
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research for this population group this speculation cannot currently be confirmed or 344 
extended to other modalities.   345 
Although prosthetic technological development, in particular sport-specific 346 
prosthetics, has grown rapidly with the rise of Paralympic sport, issues with sweat 347 
accumulation, comfort and skin breakdowns are still commonplace. To ensure a good 348 
prosthetic fit,  close-fitting is required, consequently limiting ventilation at the socket-349 
limb interface. Without adequate ventilation and low moisture permeability of the 350 
socket, a build-up of sweat and high residual limb skin temperature will occur. These 351 
effects have severe consequences, such as skin irritation, bacterial infection and a 352 
reduction in prosthetic use and activity. An increase in skin temperature of the 353 
amputated limb at rest is a clear sign of tissue stress and with the presence of slight 354 
moisture is likely to cause friction blisters (51). In addition to these health related 355 
concerns, individuals frequently report feelings of thermal discomfort inside the 356 
prosthesis regardless of level of amputation or type of prosthesis (43). The localised 357 
thermal discomfort could potentially affect their overall feelings of thermal comfort. For 358 
athletes this could result in a decreased use of the prosthetic that will negatively impact 359 
on the quality of their training. It is also important to note that to accommodate both 360 
daily and sporting activities, athletes will have access to multiple prosthetics, therefore 361 
the issues mentioned above would need to be addressed in all the prosthetics used by the 362 
athlete, i.e. both daily and sporting use.  363 
Development of the material properties used in the prosthetic liner have been 364 
well studied, but less so for in vivo studies (52). Despite the technological advancements 365 
in liner materials and the suggestion that increasing the thermal conductivity of interface 366 
components could improve heat transfer as well as integrated cooling systems (53), 367 
there does not seem to be a current solution to the problem (54). A better understanding 368 
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of the microclimate of the prosthetic-limb interface, although difficult to measure, is 369 
greatly warranted during exercise to help solve the problem of sweat accumulation 370 
within the prosthetic socket and liner.   371 
Visual impairment  372 
  373 
Visually impaired athletes eligible to compete in Paralympic sports have damage to 374 
either one or more components of the visual system, resulting in an impairment in the 375 
interaction of the individual with the surrounding environment. Similarly to athletes 376 
with an amputation, visually impaired athletes are eligible to compete in a number of 377 
endurance sports, which also expose athletes to the challenging environmental 378 
conditions for a prolonged period. These athletes may be physiologically similar to AB 379 
athletes, but as a consequence of their impairment additional considerations are needed 380 
when training for and competing in the heat.  381 
Adopting an appropriate pacing strategy when competing in the heat is essential 382 
in the sports of triathlon, road race cycling and the marathon, all sports for which 383 
visually impaired athletes are eligible (Table 1). Athletes with a visual impairment are 384 
unable to rely on visual feedback and cues to adapt their pacing. Therefore, if an 385 
adjusted pacing strategy has not been set in accordance with the ambient conditions and 386 
the athlete is not using visual cues to potentially downregulate their effort, these athletes 387 
could face heightened thermal strain as a result of inappropriate pacing for the 388 
conditions. For visually impaired athletes that compete with a guide (depending on their 389 
classification and sport) this may be less of an issue, as the guide’s role is to read the 390 
environment and provide verbal and tactile cues to the athlete.    391 
Ensuring sufficient hydration to replace sweat and respiratory water losses is key 392 
for athletes, especially when training for competition in the heat. Self-monitoring 393 
hydration is commonly conducted through checking urine colour and volume, to 394 
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prevent dehydration and hence reduce the amount of thermoregulatory strain. However, 395 
for athletes with a visual impairment this is extremely difficult. Thus these athletes are 396 
likely to require assistance or another method for assessing hydration status. A number 397 
of visually impaired athletes also suffer from albinism and are therefore prone to 398 
sunburn when exposed to ambient conditions of high radiant load, due to the lack of 399 
skin pigmentation (55). Sunburn has a direct local effect on sweat gland responsiveness 400 
and capacity limiting the thermoregulatory effector response, but also heightening 401 
thermal sensation (56). Hence, reducing time in the sun and ensuring sun cream is 402 
applied frequently is crucial for these athletes. Current research is however inconclusive 403 
regarding the effect of sun cream on sweat production and evaporation (57–59).  404 
 405 
Les autres – Multiple Sclerosis   406 
   407 
Athletes with multiple sclerosis (MS) form a small proportion of the les autres 408 
impairment group. Multiple sclerosis (MS) is a degenerative neurological disorder that 409 
disrupts axonal myelin in the central nervous system mostly affecting young individuals 410 
from 20-40 years old. In general, alterations in saltatory conduction, slowed conduction 411 
velocity and a tendency to conduction block are as a result of the demyelination. 412 
Multiple sclerosis may also cause an impaired neural control of autonomic functions 413 
involving impaired sensory and effector responses, altered neural integration within the 414 
central nervous system or a combination of all these factors (60). Symptoms vary 415 
between individuals, but often include deficits related to coordinated movement, such as 416 
muscle weakness, spasms, and fatigue. MS lesions within thermoregulatory centres of 417 
the central nervous system, particularly the hypothalamus, likely result in impaired 418 
thermoregulatory function due to the alteration in neural conduction (61).    419 
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During exercise and/or during exposure to hot environments individuals with 420 
MS can experience heat intolerance, resulting in a rapid onset of fatigue and slowed or 421 
blocked conduction of demyelinated nerves (62,63). The degree to which heat 422 
sensitivity limits physical function in these individuals is likely to be related to the 423 
severity of the condition. For example, the greater the degree of demyelination the less 424 
heat exposure is needed to cause blocked conduction (60). A core temperature increase 425 
as little as 0.5°C can exacerbate MS symptoms transiently in 60-80% of MS patients 426 
(heat sensitivity), highlighting the need for this population group to reduce exercise 427 
induced hyperthermia (64–66). However, the effects of their heat sensitivity are 428 
temporary, transient and reversible by either providing cooling or removing the 429 
environmental stressor.  For a thorough review of the impact of temperature sensitivity 430 
on sensory and cognitive function in individuals with MS, readers are directed to (67). 431 
The ability of individuals with MS to dissipate heat is also likely impaired with 432 
significantly reduced sweat rates, as a function of core temperature, observed during 433 
whole body passive heating (68). Allen et al. (68) suggested that this reduction in sweat 434 
rate may be due to either neural-induced changes in eccrine sweat glands or 435 
impairments in neural control of sudomotor pathways. Nonetheless, changes in skin 436 
blood flow appear to be similar to AB individuals suggesting reflex control of the 437 
cutaneous vasculature is preserved in individuals with MS (68). However, it is unclear if 438 
a similar finding would be observed during greater heat stress.  439 
Nevertheless, there are a lack of studies involving athletes with MS and exercise 440 
representative of high performance Paralympic sport. A greater understanding of 441 
athletes with MS during exercise in the heat is needed to determine appropriate 442 
strategies to prevent the worsening of their symptoms.  Similarly to the other 443 
impairment groups, athletes with MS have varying degrees of functionality and 444 
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mobility, thus for appropriate and individualised strategies case study work may be 445 
more appropriate.   446 
Summary of Paralympic athletes at greatest thermoregulatory risk  447 
 448 
The aforementioned sections have demonstrated how thermoregulation and 449 
sporting performance of Paralympic athletes with various impairments may be 450 
compromised when competing in the heat. In summary, in relation to heat exchange, 451 
both convective and evaporative heat loss and metabolic heat production will be 452 
affected as a result of the Paralympic athlete’s disability, highlighted in Figure 3. The 453 
metabolic heat production of Paralympic athletes is likely to be altered because of their 454 
impairment, for instance being lower in athletes with an SCI, whilst greater in athletes 455 
with CP and athletes with an amputation, compared to the AB. In relation to heat loss, 456 
convective and evaporative heat loss are likely to be impaired due to a smaller body 457 
surface area of active muscle mass, reductions in vasomotor and sweating control and 458 
alterations in pacing strategy. Thus the disability groups mentioned in the sections 459 
above are likely to store a greater amount of heat leading to an increase in thermal 460 
strain, as a result of a reduction in convective and evaporative heat loss and, for some 461 
groups, also an increase in metabolic heat production (Figure 3).  462 
INSERT FIGURE 3 HERE 463 
Current recommendations  464 
 465 
Sporting performance can be broken down into four key components; athlete, physical 466 
capacity, equipment and the competition environment (Figure 4). In Paralympic sports 467 
although an athlete’s physical capacity, body composition and overall health can be 468 
improved through training, the athlete’s impairment is likely to play a major role in the 469 
extent of this improvement. Hence, specific guidance for impairment groups, where 470 
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appropriate, need to be considered when utilising strategies to aid performance in the 471 
heat. Another area of focus to improve performance outcomes is the interaction between 472 
the athlete and their equipment with the need to optimise configuration and maintenance 473 
of the equipment. Figure 4 depicts the key components that result in a performance 474 
outcome and strategies that could be utilised and implemented by Paralympic athletes to 475 
improve sporting performance at the Tokyo 2020 Paralympic Games. In addition to the 476 
strategies highlighted in Figure 4, at an organisational level specific heat policies should 477 
be introduced to ensure athlete safety enforced by sports governing bodies. With the 478 
growing number of competitions, including Paralympic Games, being hosted by 479 
countries that experience hot and humid conditions, regulations and a change in heat-480 
health policy need to be considered for a number of Paralympic sports.   481 
INSERT FIGURE 4 HERE  482 
To combat the increase in heat strain for heat-vulnerable Paralympic athletes 483 
strategies such as the implementation of cooling methods and heat acclimation can be 484 
utilised. There is presently no record of the number of Paralympic athletes, or athletes 485 
with a disability competing at international competitions, utilising specific interventions 486 
to prepare themselves for the heat, whilst some insight of these numbers are available 487 
for the AB population. For example, at the International Association of Athletics 488 
Federations (IAAF) World Championships held in 2015 in Beijing  despite the expected 489 
hot/humid conditions, out of the 307 athletes surveyed only 15% heat acclimatised prior 490 
to the Championships, 52% had a precooling strategy and 96% had a fluid consumption 491 
strategy (69). These values are perhaps even more surprising given that 48% of the 492 
athletes had previously experienced exertional heat illness symptoms.  Despite less than 493 
2% of athletes experiencing exertional heat illness symptoms during the 494 
Championships, the authors did suggest that a greater awareness of adequate preparation 495 
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for competing in the heat should be disseminated to optimise athlete health and sporting 496 
performance. A greater understanding of whether a similar situation is present in 497 
Paralympic and IPC competitions is clearly warranted, especially when some athletes 498 
are potentially likely to experience a greater amount of thermal strain than AB athletes.   499 
  500 
Cooling strategies and fluid practices   501 
 502 
Despite the considerable interest in the application of cooling strategies for the AB 503 
athlete, comparatively little is known concerning the Paralympic athlete. The majority 504 
of cooling methods used in the AB athletic population are either applied to the skin (i.e. 505 
ice vest  (70,71), water immersion (72,73), iced towels/packs (74,75), via an ingested 506 
cooling medium (i.e. ice slurry (76–78), cold water ingestion (79,80)) or a combination 507 
of methods (81–84). Cooling is applied either before, during (including rest periods) 508 
and/or post exercise and is largely determined by sporting demands, sporting 509 
regulations, logistics, environmental conditions, temperature of the coolant, anatomical 510 
location and surface area of cooling. Pre-cooling aims to reduce core temperature and 511 
improve heat storage capacity, cooling provided during exercise intends to attenuate the 512 
rise in core temperature, whilst cooling provided post exercise aims to accelerate 513 
recovery. Previous research in the AB literature has shown cooling provided both before 514 
and during exercise is effective at improving sporting performance in both moderate and 515 
hot ambient conditions (85), whilst meta-analysis data shows the use of mixed method 516 
pre-cooling to have a substantial positive influence on performance (86). Additionally, 517 
reducing an individual’s thermal sensation by utilising specific cooling strategies (i.e. 518 
menthol), without a decrease in core temperature, has also been shown to improve 519 
sporting performance (87,88).  520 
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In Paralympic sport, although small in number, the majority of studies on 521 
cooling strategies has been for athletes with an SCI using water sprays (89,90), cooling 522 
garments (90–97), extremity cooling (98,99), cold water immersion (100), ice slurries 523 
(100) and mixed method cooling (100). A previous review of the literature (101) stated 524 
that wearing an ice vest during intermittent exercise reduced thermal strain and 525 
enhanced performance for athletes with an SCI, whilst a combination of pre-cooling and 526 
cooling during exercise is likely to increase the effectiveness of the strategy. However, 527 
due to the paucity of research it is difficult to determine the optimal cooling strategy for 528 
this population group and future studies should ensure strategies are studied under 529 
constraints of actual competition and that outcomes can be transformed into meaningful 530 
practice. Fit of future cooling garments is also important especially for wheelchair 531 
athletes. Commercially available garments are made for AB individuals and not for 532 
seated use or with abdominal binding both of which affect the contact with the skin. 533 
Wheelchair athletes, in particular wheelchair rugby players with tetraplegia, commonly 534 
use water sprays to cool themselves during breaks in play. To investigate the 535 
effectiveness of this strategy Griggs et al. (90) examined elite wheelchair rugby players 536 
with tetraplegia undertaking a simulated wheelchair rugby match with either no cooling, 537 
cooling using water sprays during rest periods or a combination of pre-cooling using an 538 
ice vest and water sprays during rest periods. Both cooling trials attenuated the increase 539 
in core temperature during the simulated match, with the effect greatest in the combined 540 
cooling trial, whilst the combination trial also lowered mean skin temperature. Hence, 541 
the combined cooling trial lowered thermal strain to a greater degree, though there was 542 
no improvement in performance. In the ambient conditions expected in Tokyo 2020, the 543 
addition of a fan directed onto the athlete is likely to lower thermal strain further by 544 
increasing both convective and evaporative heat loss.  It should also be noted that due to 545 
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the reduction in afferent sensation, athletes with an SCI are unable to perceive their 546 
thermal state, therefore relying on thermal perceptions to determine thermal strain is not 547 
appropriate.  548 
Where possible, similar to AB athletes, Paralympic athletes should determine 549 
their sweat rate when competing in the heat to enable an individualised fluid strategy to 550 
be put in place to replace fluid losses. Fluid practices must be practiced prior to 551 
competition, in particular when combined with external cooling strategies, as athletes 552 
may reduce ab libitum fluid intake (95) if they perceive themselves to be cooler. The 553 
ingestion of fluid can also act as a cooling strategy with the ingestion of cold water or 554 
ice slurries becoming popular in recent years in the athletic AB population. However, a 555 
recent study has shown that the use of ice slurries during exercise may actually hinder 556 
net heat loss via a larger reduction in whole body sweating compared to the amount of 557 
internal heat lost to the ingested ice slurry (102). 558 
   Yet in athletes with an SCI, evaporative heat loss is already reduced because of 559 
their impairment, thus the effect of ice slurries as a pre-cooling or during exercise tool 560 
requires more investigation. The volume of ice ingested would need to be carefully 561 
considered for this population group as large volumes of fluid ingestion, leading to 562 
frequent voiding, can cause gastrointestinal discomfort, be logistically difficult for 563 
athletes using catheters and could increase the risk of autonomic dysflexia (31). 564 
Therefore, further investigation into whether this internal method would be beneficial 565 
and practical for athletes with an SCI is greatly needed.  566 
Cooling studies have also been undertaken in individuals with heat sensitive 567 
MS, albeit not in athletes. Studies have typically provided cooling through the use of 568 
cooling garments (103–105), lower limb water immersion (106), extremity cooling 569 
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(107) and cold water ingestion (108). Regardless of the cooling strategy chosen, cooling 570 
typically reduced core temperature and improved functional capacity and physical 571 
performance. Nevertheless, Chaseling et al. (108) observed no differences in core or 572 
skin temperature when patients with MS cycled until volitional exhaustion in 30°C and 573 
30% RH whilst ingesting cold water (1.5°C) or neutral temperature water (37°C). 574 
Despite this, time to exhaustion was increased when ingesting cold water, suggesting 575 
that this simple cooling strategy could enhance exercise tolerance for this population 576 
group, yet the effect this cooling method has on MS symptoms is not known. It is also 577 
important to note that during heat stress, individuals with MS have reported a reduced 578 
skin thermosensitivity to cold (109). Thus, similarly to individuals with an SCI, the 579 
perceptual benefit of a cooling aid could be hindered, i.e. individuals may be unable to 580 
perceive the “true coldness” of the aid, and this must be accounted for when developing 581 
cooling strategies for athletes with MS and an SCI (109).   582 
Choosing the correct cooling strategy for an individual or team of athletes will 583 
largely depend on the needs and impairment of the athlete and the sport itself, such as 584 
environmental conditions, access to freezers or baths, logistics, cost and unclothed body 585 
surface area to cool for external cooling. Cooling provided before competition should be 586 
provided as close to the start as possible and avoid cooling active body parts. For 587 
example, cooling the hands before competition for wheelchair athletes or cooling the 588 
lower limbs of a runner would be inappropriate. Thus, fully understanding the sporting 589 
demands, the competition environment, the athlete and their equipment (see figure 4) 590 
will enable coaches and practitioners to target appropriate cooling strategies.  591 




Heat acclimation (HA) has been extensively researched in the AB population due to its 594 
application in military, occupational and athletic settings and has been described as the 595 
most important intervention one can adopt to reduce physiological strain, optimise 596 
performance in the heat and improve heat tolerance (110). Commonly reported 597 
adaptations include lower: core and skin temperature; submaximal heart rate; 598 
carbohydrate metabolism; sweat electrolyte content; perceived exertion and thermal 599 
strain and increased sweat rate and plasma volume expansion with a resultant improved 600 
performance in the heat (8,111–113).    601 
To induce the aforementioned adaptations, HA typically consists of 5 to 16 days 602 
of daily or alternate days heat exposure, with individual exposures of 1 to 2 hours in 603 
temperatures equal to or greater than 35.0°C (114). A significant proportion of HA 604 
adaptations occur within the first week of chronic heat exposure (115) though longer 605 
durations enable full adaptation of several parameters such as sweat rate and sudomotor 606 
threshold (116). These parameters are particularly meaningful for the preparation of 607 
athletes competing in endurance events (114,116,117). Regardless of long or short 608 
duration HA, heat exposures must be of sufficient thermal strain to increase core 609 
temperature, skin temperature and sweat rate above a set threshold, which appear to be 610 
the main drivers for adaptation in AB athletes (116,118,119).  611 
Commonly, HA protocols have consisted of exercise at a fixed external 612 
workload over the acclimation period (111,120–124). However, it has been speculated 613 
that this approach results in diminishing adaptations during the intervention as the 614 
relative thermal strain imposed gradually lessens (116,125). Consequently, isothermic 615 
approaches have been employed, which maintain a set thermal strain, commonly a core 616 
temperature of ~38.5°C over the acclimation period, whilst the external workload 617 
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gradually increases concurrent to thermoregulatory adaptation to invoke continued 618 
adaptations.   619 
However, the application of isothermic HA for athletes, especially pre-620 
competition, has been questioned (126–128), due to the impact excessive exercising 621 
heat stress may have on athletes’ fatigue and hence the ‘quality’ of training (118). 622 
Therefore, the efficacy of passive HA has been studied, such as the use of hot water 623 
immersion (126–128) and sauna exposure (129,130). These methods have been 624 
employed immediately after exercise in temperate environments, thus invoking HA 625 
whilst allowing athletes the opportunity to train without impacting planned exercise 626 
intensity. Furthermore, exercise prior to passive heat exposure results in elevated core 627 
temperature, skin temperature and sweat rate before the commencement of passive HA, 628 
thus reducing the required heat exposure duration. Passive HA has been shown to 629 
induce positive physiological adaptations (127–130) with some evidence of improved 630 
endurance performance (128,129). Nonetheless, it is unclear whether the adaptations 631 
from the sole use of passive HA are similar to that of active HA.  632 
The effectiveness of HA has been comprehensively studied in AB athletes 633 
(111,113,121,123,126,128,130,131), however, to date, only the study of Castle et al. 634 
(132) has investigated its use for Paralympic athletes. A small group of target shooters 635 
with tetraplegia (n=2) or paraplegia (n=3) undertook a seven-day consecutive HA 636 
intervention consisting of 20 min moderate intensity, isothermic arm crank ergometry 637 
and 40 min rest in 33.4°C and 64.8% RH. HA resulted in a decrease in resting and 638 
exercising aural temperature, a decrease in rating of perceived effort (RPE) and thermal 639 
sensation and a small increase in plasma volume. This was the first evidence of 640 
beneficial adaptations in Paralympic athletes (132). Nonetheless, due to the lack of 641 
change in exercising heart rate or whole body sweat rate, as a consequence of athletes’ 642 
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impairments, the responses were deemed only partial acclimation. More recently, 643 
Trbovich et al. (133) found no beneficial adaptations in a larger group of individuals 644 
with an SCI (tetraplegia and paraplegia) undergoing the same protocol of Castle et al. 645 
(132), albeit in recreationally active individuals.  Similarly, Gass and Gass (134) utilised 646 
a 5 day passive HA protocol and demonstrated no change in thermoregulatory 647 
parameters in individuals with paraplegia, yet improvements were evident in an AB 648 
group. Thus, the study of Castle et al. (132) provides the only evidence that Paralympic 649 
athletes are capable of displaying partial HA, although this is the only work to date in 650 
highly trained athletes with a physical impairment.   651 
Heat regulations and policy  652 
 653 
The most commonly used index of environmental heat stress in sports settings, is the 654 
wet bulb globe temperature (WBGT). This empirical index is largely recommended by 655 
international sport organisations and federations, such as the International Olympic 656 
Committee and International Tennis Federation (135,136) and general guidance has 657 
been stipulated by the American College of Sports Medicine (ACSM) regarding safe 658 
exercising WBGT ranges (137). Recent evidence has shown that based on historical 659 
geographical data, the ambient conditions of the Tokyo 2020 Olympic Games will be 660 
held amid extremely high WBGT levels (4), initiating considerations to be made 661 
regarding venues and scheduling of events.   662 
Various sporting governing bodies use WBGT ranges and limits to implement 663 
additional breaks and suspension of play. While WBGT has undoubtedly greatly 664 
mitigated the risk of hyperthermia in numerous environments, similarly to all direct 665 
indices, WBGT has it’s limitations and has faced some criticism for its use in sport due 666 
to its frequent underestimation of heat stress (138). Despite the index not taking into 667 
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account metabolic heat production and variability in clothing, and thus cannot predict 668 
heat dissipation, the index can be used as a rough screening index (139,140), especially 669 
with the addition of correction factors to account for specific clothing garments.  670 
Regardless of any criticism of WBGT, having a form of heat stress index is 671 
better than having none at all. To the authors’ knowledge, wheelchair tennis is the only 672 
Paralympic sport to have its own heat health policy, which is based on WBGT (27,28). 673 
Even though many impairment groups are at a potential heightened risk of heat related 674 
issues compared to AB athletes, specific policies have not been implemented to reflect 675 
this. Such safeguarding of Paralympic athletes at an increased risk of thermal strain 676 
during competition requires urgent attention.   677 
Of note a recent retrospective audit of illness surveillance reports (141) from the 678 
2015 Para athletic World Championships observed that there was in fact a low rate of 679 
heat related illnesses despite WBGT levels regularly exceeding the ACSM and IAAF 680 
guidelines for cancelation of events. The authors of the audit suggested that the 681 
countermeasures put in place by the IAAF and the preparation of the athletes for this 682 
particular event were sufficient to prevent a high incidence of heat related illnesses. 683 
Countermeasures included scheduling of events to be held at night, increased shade 684 
covering, increased provision of ice and cold fluids, increased additional schedule 685 
breaks and increased surveillance and education by team medical staff.  However, it 686 
should be noted that athletes who reported to their own team physicians were not 687 
included in the survey and whether a similar outcome would be apparent across 688 
Paralympic sports with various countermeasures in place remains to be seen.  689 




Technology plays an important role in improving sport performance in Paralympic 692 
sport, for instance the development of sport-specific and individualised wheelchairs 693 
(142) and prosthetics (143). An understanding of the requirements of the athlete to 694 
effectively match the technology of the equipment, plus the interface of the athlete and 695 
equipment (figure 4), is key for advancements in sporting performance in Paralympic 696 
sport (2). An ongoing challenge is to decide whether the improvements in equipment 697 
signify “performance enhancement” or are “essential for performance.”   698 
  An increasing number of portable and non-invasive wearable technology 699 
(devices and clothing) have been developed predominately to monitor and predict real-700 
time work related heat strain (144). A number of these wearables could be implemented 701 
within sport settings to help prepare athletes, enabling a greater understanding of how 702 
the athlete will cope when competing in the heat. However, it must be noted that the 703 
majority of the devices do still require validation in sport specific environments. 704 
Examples of wearables currently available are the Astroskin vest (Carre Technologies 705 
Inc., Montreal, Quebec., Canada), the Questemp II ear sensor (3M, St. Paul, Minnesota., 706 
USA) and the BioNomadix hip worn logger (BIOPAC Systems Inc., Goleta, California., 707 
USA). For a review of wearable technologies for monitoring heat strain, the reader is 708 
directed to (144). The use of wearable technology could increase the understanding of 709 
how a Paralympic athlete with a particular impairment responds to training and 710 
simulated races/match play in various environmental conditions. This greater 711 
understanding of the physiological responses of the athlete would enable coaches and 712 
support staff to individualise strategies to combat an increase in heat strain.   713 
Of utmost importance when using a wearable physiological monitor worn as a 714 
clothing garment is whether the benefit of wearing the monitor is offset by any potential 715 
increase in heat strain and hence decrease in evaporative heat loss by wearing an 716 
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additional clothing layer (145). While these devices could be used during training, due 717 
to regulations of individual sports and difficulty incorporating such garments into 718 
athletic clothing they are unlikely to be used in the imminent future in actual 719 
competition. Practically, intra-individual factors (i.e. hydration status) need to be 720 
considered for any user, but additionally for Paralympic athletes further personalisation 721 
and adaptation of algorithms used by the wearable may be required to account for 722 
physiological, biomechanical and anatomical differences to AB individuals. For 723 
example, to ensure validity, an algorithm used in a wearable may need to take into 724 
account a lack of sympathetic innervation to the heart for athletes with tetraplegia or the 725 
change in gait for athletes with a leg amputation. Whilst consideration must also be 726 
given to the financial cost of such garments and whether monitoring various 727 
physiological markers during training is of greater benefit to the athlete than readily 728 
available traditional methods.   729 
Practical recommendations  730 
 731 
This review has presented an overview of heat related issues for Paralympic athletes, 732 
plus current recommendations and future technological advancements to reduce thermal 733 
strain. To aid support staff and practitioners working with Paralympic athletes 734 
competing in Tokyo 2020, Table 2 provides a list of practical recommendations to 735 
ensure that athletes' health and sporting performance are not negatively affected by the 736 
potential environmental challenges.  737 
 738 






Conclusions  743 
 744 
The Tokyo 2020 Paralympic Games may present an environmental challenge for many 745 
Paralympic athletes due to the expected high heat and humidity. The combination of the 746 
complexity of an athlete’s impairment and the make-up of the sport in which they 747 
compete will largely contribute to an athlete’s predisposition to heightened thermal 748 
strain during competition in the heat. Despite the paucity of thermoregulatory research 749 
in Paralympic athletes and limited sharing of knowledge, to combat the increase in heat 750 
strain the implementation of cooling methods and heat acclimation should be 751 
recommended alongside the introduction of specific heat policies for sports. Finally, 752 
practical recommendations should be employed to ensure that Paralympic athletes' 753 
health and sporting performance are not negatively affected during competition in the 754 
heat at the Tokyo 2020 Paralympics. 755 
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Table 1. Summary of the 22 Paralympic Summer sports the at risk impairment groups are 1180 
eligible to compete in. Note: Multiple sclerosis has not been listed as an impairment group as 1181 
the health condition is only a small proportion of the les autres impairment group.  1182 
 1183 
  Impairment type  
Sport  Tetraplegic  Paraplegic  Cerebral palsy  Amputee  Visual 
Impairment  
Archery  ⁕  ⁕  ⁕  ⁕     
Athletics  ⁕  ⁕  ⁕  ⁕  ⁕  
Badminton  ⁕  ⁕  ⁕  ⁕     
Boccia  ⁕  ⁕  ⁕  ⁕     
Canoe  ⁕  ⁕     ⁕     
Cycling  ⁕  ⁕  ⁕  ⁕  ⁕  
Equestrian  ⁕  ⁕  ⁕  ⁕  ⁕  
Football              ⁕  
Goalball              ⁕  
Judo              ⁕  
Powerlifting     ⁕  ⁕  ⁕     
Rowing  ⁕  ⁕  ⁕  ⁕  ⁕  
Shooting  ⁕  ⁕  ⁕  ⁕     
Sitting volleyball     ⁕  ⁕  ⁕     
Swimming  ⁕  ⁕  ⁕  ⁕  ⁕  
Table tennis  ⁕  ⁕  ⁕  ⁕     
Taekwondo        ⁕  ⁕     
Triathlon  ⁕  ⁕  ⁕  ⁕  ⁕  
Wheelchair basketball     ⁕  ⁕  ⁕     
Wheelchair fencing  ⁕  ⁕  ⁕  ⁕     
Wheelchair rugby  ⁕  ⁕  ⁕  ⁕     
Wheelchair tennis  ⁕  ⁕  ⁕  ⁕     
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Table 2. Practical recommendations for Paralympic athletes competing at Tokyo 2020 to reduce thermal 1184 




Education   Education on the signs and symptoms of heat illness should be paramount for 
coaches and support staff, to recognise when an athlete needs to stop, be removed 
from the environment and/or cooled with an appropriate cooling method.  
 
 Guidance on how to prevent heat related illnesses when watching the Paralympics 
in outdoor venues should be given to spectators, especially those with an 
impairment. Similar advice should be given to support and coaching staff.   
 
Health and fitness   Medications and sleep deprivation may affect an athlete’s heat tolerance (135), 
especially as symptoms of insomnia can be up to 70% greater in Paralympic athletes 
(145).  Therefore, when the athlete is travelling or competing in a warm 
environment, appropriate use of medication should be addressed plus a structured 
sleep routine.   
 
 Body regions which are prone to skin breakdown due to contact with sports 
equipment and the accumulation of sweat, should be checked frequently to avoid 
skin related complications.  
 
 Coaches and athletes should ensure that athletes are aerobically fit to improve the 
athlete’s heat tolerance. This is especially important for skilled sports, where high 
levels of cardiovascular fitness may not be a key determinant of sporting success.  
  
Environment   Avoid exposure to the sun where possible and use sun cream appropriately to lessen 
the risk of sunburn and the detrimental effect on local sweating ability.   
 
 Athletes with an intellectual impairment may require additional supervision and 
guidance regarding hydration advice and avoidance of sun exposure. 
 
 Although some athletes compete indoors, they are still likely to be exposed to the 
heat through travelling and moving around the Paralympic village. For instance, it 
has been reported that athletes increase their step count by as much as 83% when in 
the Paralympic village compared to daily living (144). Thus, all athletes should 






 Support staff must implement an individualised approach refining an athlete’s 
cooling strategy according to the athlete’s needs and the sporting demands.   
 
 Practice any strategies employed prior to competition, ideally, simulating as closely 
as possible the “real-world” sporting environment. 
 
 An acclimation strategy must be considered for athletes who compete outdoors. 
Even athletes with an SCI may be able to achieve partial acclimation.   
 
 Awareness of suppressed appetite in the heat and during long haul travel should be 
considered and nutritional practices adapted accordingly.   
Technology   Wearable technology may be beneficial during training to determine an 
individualised strategy when competing in the heat. The benefit of the wearable 
must override any potential increase in heat strain from an additional clothing layer 
and be suitable for the individual athlete.   





Figure 1. Hourly temperature and relative humidity for Tokyo during the dates 1188 
corresponding to the Paralympic Games period in 2020, based on meteorological data 1189 
collected from 1990 to 2018 (5). Copyright permission has been granted from the 1190 




























Figure 2: Graphical representation of Paralympic athletes’ risk of thermal strain stratified by sport. The grey shaded dots represent indoor sports, 1217 
whilst the white dots represent outdoor sports. The figure is subjectively determined through the combination of the demands of the environment 1218 
and/or the sport (type, intensity, duration, modality) and the commonality of athletes within the sport that have impairments that affect their ability 1219 
to thermoregulate effectively, e.g. athletes with a spinal cord injury. 1220 
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Figure 3 Heat exchange between the environment and human body in an outdoor environment. In normal conditions, heat balance will increase 1221 
due to an increase in metabolic heat production (M) and radiation in both shortwave (Sin and Sup) and longwave (Lin and Lup) radiation. A human 1222 
usually loses heat through convection (C), evaporation (E), respiration (resp) and emitted longwave radiation (Lemit). The grey boxes highlight the 1223 
heat exchange pathways (convective and evaporative heat loss and metabolic heat production) affected as a result of the Paralympic athlete’s 1224 


















Figure 4. Four key components of sporting performance in Paralympic sport; athlete, physical capacity, equipment and the competition 1241 
environment. To implement strategies that improve in-competition performance one must consider the physiological consequences of an 1242 
athlete’s impairment on their physical capacity and the interface between the athlete and equipment. Strategies/interventions that could be 1243 
utilised and implemented by Paralympic athletes to improve sporting performance at the Tokyo 2020 Paralympic Games are highlighted in the 1244 
grey shaded box. This figure is adapted from (14). 1245 
